Abstract
τ is directly proportional to the water column density of vegetation; maize contributes the most to growing season changes in τ in the Corn Belt; and maize reaches its maximum water column density at its third reproductive stage of development, at about 1000 • C day growing degree days.
Consequently, SMOS τ could be used to monitor the phenology of crops in the Corn Belt at a spatial resolution similar to a U.S. county and a temporal frequency on the order of days. We also examined the magnitude of the change in SMOS τ over the growing season and hypothesized it would be related to the amount of accumulated solar radiation, but found this not to be the case.
On the other hand, the change in magnitude was smallest for the year in which the most precipitation fell. These findings are rational since SMOS τ at the satellite scale is in fact a function of both vegetation and soil surface roughness, and soil surface roughness is reduced by precipitation.
To fully explain changes in SMOS τ in the Corn Belt it appears that it will be necessary to use in situ and remotely-sensed observations along with agro-ecosystem models to account for land management decisions made by farmers that affect changes in soil surface roughness and all of the relevant biophysical processes that affect the growth and development of crops. and the average size of an Iowa county is approximately the same as one SMOS pixel. Hence there 144 are roughly 100 unique SMOS pixels in the state. We found 30 SMOS pixels in Iowa in which the percentage of land devoted to annual crops 146 was greater than 75% and as large as 85%. These cropped areas are planted almost exclusively in 147 maize and soybean. All 30 of these pixels fall within the northwest half of the state, and all but 148 6 reside within the northwest quarter. We chose to investigate the behavior of τ in all 30 pixels,
149
and to specifically highlight the behavior of τ in 5 of the 30 pixels which together represent the 150 spatial diversity of the 30 pixels. The locations of these highlighted pixels are shown in Figure 2 .
151
The first (Pixel 1) lies the farthest north and west. Pixel 2 is the farthest north and east. Pixel 4
152
is the eastern-most pixel and Pixel 5 is the farthest south and west. Pixel 3 is roughly equidistant 153 7 from the other four. The percentage of each of the five pixels that is covered with "nominal" or
154
"low" amounts of vegetation for which SMOS attempts soil moisture retrieval, and the fractions of 155 row cropped land planted to maize in each pixel from 2010 to 2013, are listed in Table 1 . 
SMOS optical thickness exhibits high-frequency noise (large variations on the order of a day).

158
A representative example of τ data for a SMOS pixel in north-central Iowa is shown in Figure 3 . On the other hand, there are diurnal changes in the water content of crops that may be sig- noise, as was the case for Λ = 10 3 , and to not greatly reduce the amplitude of the τ signal, as was
198
the case for Λ = 10 5 . Raw τ data, τ smoothed using a 21-day moving average, and τ smoothed 199 using FDA are shown in Figure 3 . Our FDA method produced a τ signal similar to one produced 200 using a moving average. Both effectively eliminate the high-frequency noise that is observed in the 201 raw τ data.
202
For "well-behaved" data sets there are ways to determine Λ analytically. However, SMOS τ 
210
The resulting function for τ in Figure 3 has a distinct peak in August, and in this example for in late September or October.
217
The second peak also has a physical explanation. SMOS τ is not only affected by vegetation: Table 3 and shown in Figure 2 . The Sutherland station was replaced by Calumet in 2013.
268
Because of the limited number of sites, the sites do not match the five SMOS pixels in Figure 2 269 as well as the NWS COOP sites and the same data were used for Pixels 3 and 4. However, the 
Crop Biomass
274
In order to characterize how the water column density of maize and soybean change over time,
275
we used in situ measurements from fields near Mead, NE, where maize and soybean were grown at Within a medium such as a vegetation canopy, the incremental change in brightness temperature 288 at each point is the sum of three effects (e.g., Ulaby et al., 1981):
where ds is an incremental distance and dΩ is an incremental solid angle. First, rays of radiation
290
(traveling in some specific direction denoted byŝ) are attenuated in proportion to the medium's ex-291 tinction coefficient, κ e . Extinction is due to both absorption (denoted by κ a , the volume absorption 292 coefficient) and scattering (denoted by κ s , the volume scattering coefficient) such that κ e = κ a + κ s .
293
Second, the medium emits according to its temperature, T , in order to maintain thermodynamic 294 equilibrium. Finally, radiation from all other directionsŝ can potentially be scattered into theŝ 295 direction according to the function ψ(ŝ,ŝ ). 
temperature; T soil is the effective temperature of the soil; R soil,p is the soil surface reflectivity; τ p 304 is the vegetation optical thickness; θ is the incidence angle; ω p is the single-scattering albedo of 
312
It is important to note a few details. First, (2) should only be used when κ s is small enough 313 relative to κ a that the third term of (1) 
Therefore it must be small (ω p << 1) for (2) to be physically consistent with (1). This condition is Second, τ p = κ e,p z veg where z veg is the height (vertical thickness) of the vegetation canopy. In 321 the SMOS retrieval algorithm it is further parameterized as
where τ NAD is the optical thickness at nadir (θ = 0 • ) and f (θ, p) represents a function of θ and proportional to M w (Jackson and Schmugge, 1991).
The proportionality constant is called the "b parameter" and is in reality a function of frequency, 
where: R p is the reflectivity of a specular soil surface; q is the opposite polarization as p; the Q 
339
Currently values of Q = 0, N v = 0, and N h = 2 are used and (6) can be written as
where h p represents the effect of soil surface roughness which SMOS currently assumes depends on 341 θ but does not change with time. Patton and Hornbuckle (2013) showed that when (7) starting approximately at V8 while the plant eventually reaches V20.
374
Once a maize plant reaches the reproductive stages, its focus is on the development of the ear.
375
A maize plant first produces silks which transfer pollen produced by tassels to each individual 376 kernel on the ear (R1). After the kernels are fertilized they grow in size and the plant progresses 377 through blister (R2), milk (R3), dough (R4), dent (R5), and full maturity (R6). Stages R2 through 378 R5 describe the appearance of the kernels as they accumulate dry matter and decrease in moisture 379 content. At R6 the plant has reached full maturity and no longer adds dry matter to the ear. single day are normally calculated with sufficient accuracy as follows:
where T high and T low are the daily high and low air temperature. Specific amounts of GDD 
Calculation
407
We used the in situ crop data described in Section 2.4 to determine how the M w of maize and (two maize and one soybean) over the nine-year period described in Section 2.4.
418
As expected, M d for both crops steadily increase or remain constant over time up until harvest 419 at the end of the growing season as they accumulate dry matter as described by (10). In contrast,
420
M w for both maize and soybean rises and then falls, with a peak roughly in the middle of the 421 period of the maize life cycle and about three-fourths of the way through the life cycle of soybean.
Since the 30 SMOS pixels we investigated in Iowa contain both maize and soybean, we estimated 423 what the total M w of a hypothetical SMOS pixel might be using the average fraction of cropland 424 planted in maize over the four-year period for the five pixels in Figure 2 , 0.599, calculated using 425 the information in Table 1 . This estimate of the total M w that would be expected to occur within 426 a typical SMOS pixel in Iowa is the solid line in Figure 5 .
427
Note that total pixel M w peaks at close to 1000 • C day. Changing the fraction of corn (and 428 consequently soybean) to a value other than the four-year mean value (as shown in Table 1) 429 to match a specific year will only slightly increase or decrease the magnitude of the solid line 430 in Figure 5 . However, it will not change when this line reaches its maximum value, at roughly 431 1000 • C day. An example of the temporal variation of SMOS τ (smoothed using the procedure described 
443
We tested the two hypotheses in Section 1 using the data described in Section 2. For each Since the R2 stage is not reported by the USDA, we examined the relationship between the 467 day of year of maximum τ and the day of year at which 50% of the maize crop within the relevant To further test our first hypothesis, we determined when 1000 • C day of GDD had been ac- • C day GDD were accumulated since the planting of maize according to NWS COOP air temperature data, versus the day of year the maximum value of SMOS τ was observed, for each of the five highlighted pixels and each year.
accumulated to the day of year of the maximum value of SMOS τ . We used the date on which 50% • C day GDD were accumulated since the planting of maize according to NWS COOP air temperature data, versus the day of year the maximum value of SMOS τ was observed, for all 30 pixels in Iowa for which more than 75% of land area was devoted to maize and soybean, and each year.
represent the entire set of 30 pixels. 
Hypothesis 2: Magnitude
500
To test our second hypothesis regarding the increase in SMOS τ over the growing season, we 501 plotted the increase in τ from maize emergence to the maximum value of τ , a quantity that we will 
525
On the other hand, we did not find our second hypothesis to be true. The change in τ from results were found using NWS COOP data (R = −0.66, p = 1.5 × 10 −3 ).
569
We can think of two explanations. First, too much rainfall negatively affects crop growth. When 570 soils are saturated, plant roots do not have adequate access to oxygen and respiration is impaired.
571
Inadequate root growth can limit crops to soil water near the soil surface which can be depleted value of τ was reached.
582
The total change in soil surface roughness will depend on three things: the types of management 583 activities, such as tillage and fertilizer application, that occur before, during, and after crops are soil moisture and τ is shown in Figure 13 for the three years that the in situ soil moisture network 603 has been in operation. should be approximately the same as the observed variation in S in Table 4 according to (10) if f S 628 and e are constant. However, we find that the correlation in Figure 11 is low and has the wrong 629 sign, and while ∆τ v varied between 0.13 to 0.27 Np or ±35%, S in Table 4 crops are planted, reaches a peak value, and then decreases as crops senesce and lose water.
671
We were able to explain the timing of the annual peak value of the smoothed τ signal and its the third reproductive stage of development (R3 or "milk"). We also found that the day of peak τ 678 was positively correlated with the day on which 1000 • C day growing degree days had accumulated 679 after maize planting (R = 0.73 and p = 2.6 × 10 −21 ).
680
We hypothesized that the magnitude of the change in SMOS τ , ∆τ v , defined as the difference 681 between the peak value of τ and the value of τ at maize emergence, would be related to the 
